Directed lithiation of various substituted benzylamines takes different courses depending on the substituents at nitrogen and on the aryl ring and/or the nature of the alkyllithiums. Lithiation of N-benzylpivalamide with t-BuLi gives a mixture of ring (2-position) and side-chain lithiated species, but the 2-lithiated isomer can be obtained cleanly via bromine-lithium exchange of N-(2-bromobenzyl)pivalamide. -N,Ndimethylureas and N-(4-substituted benzyl)pivalamides give 2-lithiated derivatives directly with t-BuLi at -78 °C. By contrast, lithiation of N-(2-methoxybenzyl)pivalamide occurs at the 6-position, ortho-to the methoxy group, while lithiation of N'-(2-methoxybenzyl)-N,Ndimethylurea gives a mixture of 2-and 6-lithiated species. All organolithiums are converted in high yields to their corresponding substitution products on reactions with various electrophiles.
Introduction
Regioselective synthesis of substituted aromatics is one of the classical problems in synthetic chemistry. Simple electrophilic substitution often leads to various isomers and polysubstituted aromatics and usually takes place under forcing conditions in the presence of a catalyst. In recent years, many efforts have been made to develop more regioselective processes for production of specific products and it is well recognized that organolithium reagents 1, 2 can play an important role in such cases. In particular, lithiation of aromatic compounds often occurs proximal to substituents that possess hetero atoms. 3 As a result, lithiation of aromatics or heterocycles followed by treatment with an electrophile is one of the most efficient approaches for synthesis of substituted and/or modified derivatives. 4, 5 For example, we have developed several efficient lithiation procedures for preparation of various substituted aromatics and heteroaromatics that might be difficult to prepare by other means. 6 As part of such studies we became interested in directed lithiation of benzylamine derivatives. Lithiation of pivaloyl, tert-butoxycarbonyl and dimethylaminocarbonyl derivatives has been reported by Schlosser and shows interesting variations in the site(s) of lithiation depending on both the N-substituent and on any group present on the aromatic ring. 7, 8 Notably, in several cases mixtures resulting from different sites of lithiation were obtained. It was of interest to try to overcome such difficulties and to develop protocols for high yield syntheses of specific products. Some of Schlosser's results are summarized in Figure 1 , which illustrates that there are four possible sites of lithiation for compounds of type 1, in which the lithium is introduced adjacent to a para-substituent (product 2), adjacent to the substituted aminomethyl group 3, adjacent to an ortho-substituent 4 or on the substituted aminomethyl group 5.
NHCOR LIC-KOR, -50 to -75 sec-BuLi, -50 t-BuLi, -100 or sec-BuLi, -50 n-BuLi, 0 sec-BuLi, -50 or LIC-KOR, -75 sec-BuLi, -50 unspecified reagent and temp. n- BuLi Figure 1 . Lithiation and substitution of compounds of type 1 reported by Schlosser. 7, 8 Clearly the situation is rather complicated and it is difficult to draw general conclusions when the reagents and conditions used were different for different substrates. We therefore decided to undertake a comparative study of the lithiation of various compounds of type 1 (R 1 The low yields of 7 and 8 were presumably because lithiation of 6 with n-BuLi at -78 o C was slow. Use of sec-BuLi gave results that were similar to those with n-BuLi. However, use of t-BuLi under similar conditions gave 7 and 8 in somewhat better yields (6 and 10%, respectively) along with 6 (69%). Therefore, we carried out lithiation with this reagent at different temperatures. The results obtained are recorded in Table 1 . a Yield of isolated product after purification by column chromatography.
The overall yield was improved at higher temperatures, but was highest at 0 °C (Table 1 ; entry 2) and somewhat lower at 20 °C (entry 3), presumably because of some loss of the t-BuLi by reaction with the solvent. 11 However, the yield of 7 was actually higher at 20 °C than at 0 °C, all of the loss having arisen from a reduction in the yield of 8. Indeed, there was a significant change in selectivity, from favouring 8 at low temperature to favouring 7 at higher temperature. Presumably, the dilithium reagent leading to 8 is not very stable in THF at 20 °C and either converts back to the starting material 6 (by reaction with the solvent) or isomerises to a more stable dilithium reagent (presumably the one that leads to 7). To test these possibilities, generation of the ring-lithiated material was attempted via bromine-lithium exchange of N-(2-bromobenzyl)pivalamide 9.
Bromine-lithium exchange of 9 took place smoothly with MeLi (to deprotonate the nitrogen) and then t-BuLi (bromine-lithium exchange) at -78 °C in THF (Scheme 2). The mixture was stirred for 2 h at -78 °C and the dilithium reagent thus obtained was allowed to react with a range of electrophiles at -78 °C in THF for 2 h (Scheme 2). Following work-up, the crude products obtained were crystallized from EtOAc-Et 2 O (1:3) to give the corresponding N-(2-substituted benzyl)pivalamides 8 and 10-14 (Scheme 2) in high yields (Table 2) . a Yield of isolated product after crystallization.
As Table 2 shows, the yields of products were high in all cases. The 1 H NMR spectra of compounds 11 and 12 showed the expected diastereotopicity for the hydrogens of the CH 2 group at position 1. Clearly bromine-lithium exchange of 9 had occurred smoothly and rapidly at -78 °C. Therefore, to test the possibility that the dilithium intermediate might be unstable, a solution was prepared as above at -78 °C and then allowed to warm to room temperature (20 °C) and stirred for 30 minutes at that temperature before addition of benzophenone. The reaction mixture was stirred for 2 h at room temperature and then worked-up. The yield of 8 obtained was significantly reduced (to 78%) and the loss was accounted for by the production of 6 (ca. 15%), but no other product was obtained. This implies that the low yield of 8 following lithiation of 6 at 20 °C results from reaction of the intermediate with solvent to give back 6, rather than isomerisation. Attention was next turned to investigate lithiation of N-(4-substituted benzyl)pivalamides 15-18 using t-BuLi as the lithium reagent. Two mole equivalents of t-BuLi were used at -78 °C in THF. The mixtures were stirred for 4 h at -78 °C in an attempt to ensure complete lithiation and the solutions obtained were then treated with various electrophiles. Each reaction was conducted under identical conditions and then warmed to room temperature and quenched by the addition of aq. NH 4 Cl. The crude products were purified by column chromatography to give the corresponding 2-substituted derivatives 19-43 (Scheme 3) in good yields (Table 3) .
group. This was somewhat surprising in view of the low yield and the mixture of products obtained on direct lithiation of the unsubstituted N-benzylpivalamide 6. It would appear that the presence of a substituent in the 4-position inhibits deprotonation of the CH 2 group while promoting deprotonation at the 2-position. Given the different natures of the substituents and the relatively small effects those substituents have on 1 H and 13 C chemical shifts at positions meta to them, it not obvious why this should be. However, the results are unequivocal. The structures of 20, 33 and 40 were confirmed by X-ray crystallography (Figure 2) , while the 1 H NMR spectra of compounds obtained via reactions with aldehydes and unsymmetrical ketones showed that the signals of the two hydrogens of the CH 2 group appear separately, as two separated double doublets that converted to two doublets after addition of D 2 O, indicating that they are diastereotopic. Figure 3 ) was produced in 5% yield as a side product and in 87% yield when the reaction was repeated with 2.2 equivalents of MeI.
Reactions involving MeI as electrophile gave small amounts of N-methylated compounds (44 and 45, Figure 3) as by-products. These could be obtained in high yields by use of excess MeI. We next turned our attention to N-(2-methoxybenzyl)pivalamide 46. Double lithiation 46 took place smoothly with t-BuLi (2 equivalents) under the general conditions used previously with other substrates. The dilithium reagent produced was allowed to react with various electrophiles at -78 °C for 2 h. The reaction mixtures were warmed to room temperature and quenched by the addition of aq. NH 4 Cl. The crude products were purified by column chromatography or direct crystallization from ethyl acetate to give the corresponding N-(3-substituted 2-methoxybenzyl)pivalamides 47-51 (Scheme 4) in high yields (Table 4) . Small quantities of by-products were also obtained in some cases (Table 4 and Figure 4 ). H NMR spectra of 48 and 49 showed the CH 2 hydrogens as two separated double doublets, indicating that they are diastereotopic. By-product 53 from the reaction with 4-anisaldehyde was expected to be formed as a mixture of diastereoisomers but its NMR spectra showed what appeared to be single sets of signals, indicating that the isolated product was probably a single diastereoisomer. However, since it was isolated in only 2% yield, it is possible that a small amount of the other diastereoisomer was formed but not isolated. The structures of compounds 47, 48 and 53 were confirmed by X-ray crystallography ( Figure 5 ).
47
48 53 Figure 5 . X-ray crystal structures of compounds 47, 48 and 53.
The results in Table 4 clearly showed that compound 46 undergoes lithiation with t-BuLi at -78 °C mainly at the position ortho-to the methoxy group, with only a small extent of lithiation on the side chain and no evidence for lithiation at the ring position adjacent to the CH 2 NHCOBu t group. This was not expected based on the early results reported by Schlosser 8 using n-BuLi at 0 °C, or based on the results we saw with 16, where lithiation took place next to CH 2 NHCOBu t .
In order to understand the situation better, lithiation of compound 46 was attempted using different lithium reagents (t-BuLi, sec-BuLi and n-BuLi) under different reaction conditions. Compound 46 was treated with RLi (2.2 mole equivalents) at -78 or 0 °C and the mixture was stirred for 2 h at 0 °C or 4 h at -78 °C. Solid carbon dioxide was added and the reaction mixture was stirred for 30 minutes. The mixture was diluted with ethyl acetate and quenched with dilute HCl. The crude product was crystallized from ethyl acetate to give the pure products and inspection of the 1 H NMR spectra of the residual mother liquors allowed the overall yields of all components obtained in the reactions to be estimated. The results are presented in Table 5 .
The results showed interesting variations in both rates and product proportions. The extent of lithiation at -78 °C ranged from virtually quantitative with t-BuLi to virtually zero with n-BuLi, while all three reagents brought about substantial lithiation at 0 °C. Both n-BuLi and sec-BuLi gave mixtures indicative of lithiation on the side chain and at the 6-position, as reported by Schlosser with n-BuLi. 8 There was very little lithiation at the 3-position with these reagents, whereas this was predominant with t-BuLi at 0 °C and almost exclusive at -78 °C. It is not clear why lithiation of 46 with t-BuLi in THF at -78 °C occurs ortho-to the methoxy group while n-BuLi and sec-BuLi give mixtures involving lithiation at two other sites, but it could relate to the way the reagents aggregate, their ability to chelate the two substituents, their basicity, or the relative bulk of the alkyl groups. Whatever the explanation, the procedure outlined in Scheme 4 represents a simple and high yielding route for substitution of 46 ortho-to the methoxy group. NMR to be present in the mother liquors. b No attempt was made to isolate a pure sample of 52. c The structure of 55 was confirmed by X-ray crystallography ( Figure 6 ). The mixtures were stirred with t-BuLi for 4 h at -78 °C in an attempt to ensure complete lithiation and then treated with various electrophiles, warmed to room temperature and quenched by the addition of aq. NH 4 Cl. The crude products were purified by column chromatography to give the corresponding 2-substituted derivatives 61-82 (Scheme 5) in good yields (Table 6) .
From the results in Table 6 it is clear that for all substrates, including the unsubstituted one, substitution took place almost exclusively at the position ortho-to the urea-containing group. In contrast to the situation with the corresponding pivalamide, lithiation of N'- (2-methoxybenzyl The sites of lithiation were the ones expected based on Schlosser's findings with an unspecified reagent, but in the earlier work no pure products were separated from the reaction mixture. 7 It was of interest to see if the reaction would proceed in the same manner under different conditions. Therefore, a more detailed study was conducted using t-BuLi with different reaction times and temperatures (Scheme 6). The results obtained are recorded in Table 7 . a Yield of isolated products after purification.
It was found that at higher temperatures the yields of 85 and 86 were higher than at -78 °C while less of 84 was recovered. At -20 °C no starting material remained and the total yield was good, but there was no significant change in selectivity. Clearly, direct lithiation of 84 on the ring ortho to the urea containing group without lithiation ortho to the methoxy group was not a realistic hope. Both substitution sites were attacked competitively. It was nevertheless of interest to see if the reaction of 84 would be general and useful. Therefore, lithiation of 84 using t-BuLi at -20 °C in THF for 2 h was followed by reactions with various electrophiles for 2 h at -20 °C. (Table 8) . (Figure 7 ), which was difficult to separate, was also obtained, in 5%
yield. From the results recorded in Table 8 it is clear that different electrophiles give the corresponding products in comparable yields. The 1 H NMR spectra of compounds 85-88 showed two separate double doublets for the diastereotopic hydrogens of the CH 2 groups. Clearly, all factors can be significant in determining the position of substitution in such systems and the right choice of lithiating agent, substituent group and reaction conditions are necessary in order to ensure that the desired product is obtained.
Conclusions

Experimental Section
General. Melting point determinations were performed by the open capillary method using a Gallenkamp melting point apparatus and are reported uncorrected.
1 H and 13 C NMR spectra were recorded on a Bruker AV400 or AV500 spectrometer operating at 400 or 500 MHz for 1 H or 100
and 125 MHz for 13 C measurements. Chemical shifts δ are reported in parts per million (ppm)
relative to TMS and coupling constants J are in Hz and have been rounded to the nearest whole number.
13
C multiplicities were revealed by DEPT signals. Assignments of signals are based on integration values, coupling patterns and expected chemical shift values and have not been rigorously confirmed. Signals with similar characteristics might be interchanged. Low-resolution mass spectra (see supplementary information) were recorded on a Quattro II spectrometer, electron impact (EI) at 70 eV and chemical ionization (CI) at 50 eV by the use of NH 3 as ionization gas. Atmospheric pressure chemical ionization mass spectra (APCI) were performed on a Waters LCT Premier XE instrument. Electrospray (ES) analyses were performed on a ZQ4000 spectrometer in positive and negative ionisation modes. Accurate mass data were obtained on a MAT900 instrument. IR spectra (see supplementary information) were recorded on a Perkin Elmer Spectrum One FT-IR spectrometer or a Perkin Elmer 1600 series FT-IR Spectrometer. Microanalyses were performed by Warwick analytical service at the University of Warwick. The X-ray single-crystal diffraction data were collected on a Nonius Kappa CCD diffractometer using graphite-monochromated Mo-K α , (λ = 0.710 73 Å) radiation. Crystal and structure refinement data are shown in the supplementary information. The structures were solved by direct methods using SHELXS-96 12 and refined with all data on F 2 full-matrix least squares using SHELXL-97. 13 Non-hydrogen atoms were generally refined anisotropically.
Hydrogen atom positions were located from difference Fourier maps and a riding model with atomic displacement parameters 1.2 times (1.5 times for methyl groups) those of the atom to which they are bonded was used for subsequent refinements. 
General procedure for the lithiation and substitution of N-benzylpivalamide (6)
A solution of t-BuLi in pentane (2.6 mL, 1.7 M, 4.4 mmol) was added to a stirred solution of 6 (0.38 g, 2.0 mmol) at the appropriate temperature (-78, 0 or 20 °C) in THF (20 mL) under N 2 .
The mixture was stirred at the appropriate temperature for 2-4 h and a solution of benzophenone (0.40 g, 2.2 mmol) in THF (8 mL) was added. The reaction mixture was stirred for 2 h at the appropriate temperature, and then allowed to warm to room temperature if the reaction was carried out at low temperature. It was then diluted with EtOAc (20 mL) and quenched with aq. sat. NH 4 Cl (20 mL). Following work-up, the residue obtained was purified by column chromatography (silica gel; Et 2 O-hexane, 1:3) to give the pure products 7 and 8. The yields obtained of 7 and 8 under various reaction conditions are recorded in Table 1 . General procedure for the lithiation of substituted N-benzylpivalamides and N'-benzyl-N,N-dimethylureas and subsequent reactions with electrophiles A solution of t-BuLi in heptane (2.6 mL, 1.7 M, 4.4 mmol) was added to a cold (-78 °C), stirred solution of the appropriate substituted benzylamine (2.0 mmol) in anhydrous THF (20 mL) under N 2 . Formation of the dilithium reagent was observed as a brownish solution. The mixture was stirred at -78 °C for 4 h, to ensure the complete formation of the dilithium reagent, after which an electrophile (2.2 mmol), in anhydrous THF (8 mL) if solid, otherwise neat, was added. The mixture was stirred for 2 h at -78 °C then the cooling bath was removed and the mixture allowed to warm to room temperature. It was diluted with Et 2 O (10 mL) and quenched with aq. sat. NH 4 Cl (10 mL). The organic layer was separated, washed with H 2 O (2 x 10 mL), dried (MgSO 4 ), and evaporated under reduced pressure. The residue obtained was purified by column chromatography (silica gel; Et 2 O-hexane, 1:3) to give the corresponding pure products. In the case of carbon dioxide as electrophile the procedure was slightly different -see specific cases (47 and 55) for details. Hydroxy-(4-methoxyphenyl) 320.2220; found: 320.2225. N-(4-Fluoro-2-(hydroxyphenylmethylbenzyl)pivalamide (39) N-(4-Fluoro-2-ethylbenzyl)pivalamide (42). 0.39 g (1.64 mmol, 82%) . Oil. 
N-(2-(
N-(2-(2-Hydroxyhexan-2-yl)-4-methoxybenzyl)pivalamide (29
2-Methoxy-3-(pivaloylaminomethyl)benzoic acid (47).
In this case, after formation of the dianion at low temperature, the cooling bath was removed before solid carbon dioxide was added and the mixture was then stirred for 30 minutes while the temperature rose to room temperature and then quenched with HCl (2 M; 5 mL). The crude product was purified by fractional crystallisation using ethyl acetate. 0.42 g (1.59 mmol, 80%) The brownish solution obtained was stirred at 0 °C for 2 h, after which the cooling bath was removed. Solid carbon dioxide was added and the mixture was stirred for 30 minutes while the mixture was allowed to warm to room temperature. It was then diluted with ethyl acetate (10 mL) and quenched with HCl (2 M; 5 mL). The organic layer was separated, washed with H 2 O (2 x 10 mL), dried (MgSO 4 N'-(2-(Hydroxy-(4-methoxyphenyl)methyl)benzyl)-N,N-dimethylurea (61) N'-(2-(Hydroxy-(4-methoxyphenyl)methyl)-4-methylbenzyl)-N,N-dimethylurea (66) N'-(2-(Hydroxy-(4-methoxyphenyl)methyl)-4-methoxybenzyl)-N,N-dimethylurea (71) N'-(2-(Hydroxydiphenylmethyl)-4-methoxybenzyl)-N,N-dimethylurea (73) N'-(4-Fluoro-2-(hydroxy-(4-methoxyphenyl)methyl)benzyl)-N,N-dimethylurea (80) 
